Background. Impaired nitric oxide (NO) release in chronic renal failure has been implicated in the pathogenesis of hypertension and the progression of renal insufficiency. We investigated whether gene delivery of the endothelial NO synthase (eNOS) improves NO release and reduces blood pressure and renal failure and injury in rats with reduced renal mass. Methods. Renal failure was induced by renal artery branches ligation. Two weeks later, rats with renal failure were divided into three groups and received an intravenous injection of the vehicle or the adenovirus that expresses eNOS or b-galactosidase (b-gal). Systolic blood pressure, renal parameters and histopathology were assessed at Week 4 after gene delivery. Results. At the end of the study, systolic blood pressures, serum creatinine, proteinuria, urinary endothelin-1 (ET-1) excretion and renal cortex ET-1 levels were increased, whereas plasma and urine NO 2 /NO 3 were reduced in renal failure rats as compared to normal controls. Renal injury comprised blood vessel media hypertrophy, focal and segmental glomerular sclerosis, tubular atrophy and interstitial fibrosis. Gene delivery of eNOS, but not b-gal, prevented an increase in systolic blood pressure and proteinuria, and a reduction in plasma and urine NO 2 /NO 3 . eNOS gene delivery also reduced a rise in serum creatinine, urinary ET-1 excretion and renal cortex ET-1 levels, and the renal vascular, glomerular and tubular injury. Conclusion. This study indicates that eNOS gene delivery in rats with renal failure improves NO release, which likely prevents the aggravation of hypertension and slows down the progression of renal failure and injury.
Introduction
Endothelial dysfunction is associated with diseases that have a high risk of cardiovascular morbidity and mortality including hypertension, heart failure, arteriosclerosis, diabetes and chronic kidney disease. In patients with chronic renal failure, endothelial dysfunction is characterized by a reduction in the endothelium-dependent vasorelaxation response to acetylcholine due to reduced endothelial nitric oxide (NO) release [1] . This reduction in NO release will likely potentiate the vasoconstrictor effect of neurohumoral factors, such as catecholamines, angiotensin II (Ang II) and endothelin-1 (ET-1), that increase total peripheral vascular resistance [2, 3] . Moreover, the action of these and other growth factors on vascular smooth muscle cells is unopposed promoting thereby vascular remodeling and media hypertrophy. In the kidney, inappropriate NO release is associated with altered renal hemodynamics, increased glomerular capillary pressure and sclerosis, tubular atrophy and interstitial fibrosis [4] . In keeping with these observations, mice lacking the endothelial NO synthase (eNOS) develop hypertension and vascular hypertrophy [5] . In addition, chronic inhibition of NO synthesis with the L-arginine analog N G -nitro-L-arginine methyl ester (L-NAME) causes severe hypertension associated with glomerular injury and proteinuria [6] [7] [8] , further supporting a pivotal role for basal NO release. Hence, the impairment of NO release in diseases such as chronic renal failure may lead to major cardiovascular and renal abnormalities.
The mechanism underlying the reduction of NO release in chronic renal failure still remains elusive. However, this has been related, at least in part, to a reduction in the NOS substrate L-arginine and cofactors' availability and/or NOS activity and expression [9] . For instance, we and others documented that dietary supplementation with L-arginine reduces the aggravation of hypertension and the progression of renal failure in rats with reduced renal mass that are associated with an increase in NO availability and a reduction in ET-1 production [10] . However, it has been postulated that the protective effect of L-arginine could be due, in part, to an increase in agmatine generation, an endogenous non-catecholamine ligand for alpha-2 adrenoceptors and imidazoline receptors produced by arginine decarboxylase that has cardiovascular beneficial proprieties [11] . Similar to L-arginine supplementation, vascular and renal protection has been reported with tetrahydrobiopterin (BH 4 ) supplementation, a critical cofactor for eNOS activity [12] . In the presence of inappropriate concentrations of BH 4 , eNOS is uncoupled and produces NO but also superoxide anions that inactivate NO. Indeed, NO and superoxide anions are highly reactive molecules that form peroxynitrite, a powerful oxidant molecule [13] . In renal failure conditions, superoxide anion generation is also induced by factors such as Ang II that may further limit NO availability [14] . On the other hand, impaired NO release in patients with renal failure has been related to an accumulation in plasma of endogenous methylated analogs of Larginine such as asymmetric dimethylarginine (ADMA), which inhibits NOS activity similar to L-NAME [15] . Finally, Vaziri et al. [16] reported that eNOS expression and activity are significantly lower in vascular and renal tissue of rats with chronic renal failure. The reduction in renal eNOS expression, but also in neuronal and inducible NOS isoforms, may, however, account for the reduction in renal NO release [17] . In contrast, others found an increase in eNOS expression in the aorta [18] .
The present study was designed to investigate whether eNOS gene delivery using a recombinant replicationdeficient adenovirus increases NO release in rats with renal failure and results in an improvement of hypertension and decreases the progression of renal failure and injury.
Materials and methods

Adenovirus vectors
The replication-deficient adenovirus containing the bovine aortic endothelial cell eNOS messenger RNA (mRNA) sequence under the control of cytomegalovirus was generated by the group of William Sessa [19] and generously provided by Jean-Philippe Gratton (CRIM, Montreal, Quebec, Canada). This adenovirus also contains in tandem the enhanced green fluorescent protein (GFP), which was used to asses gene delivery efficacy. The adenovirus containing the b-galactosidase (b-gal) gene was used as a control (gift of Bruce C. Trapnell, Genetic Therapy Inc, MD) [20] . These adenoviruses were amplified in HEK-293 cells and purified by CsCl gradient ultracentrifugation, titered using a cytopathic effect assay, and stored at À80°C in Hank's balanced salt solution (HBSS).
Adenovirus-mediated gene delivery efficacy
The expression of eNOS and GFP and b-gal was determined first in vitro in cultured bovine pulmonary artery endothelial cells (CPAE; ATCC, Manassas, VA) by fluorescence microscopy of GFP and X-gal staining, respectively. The percentage of CPAE that expressed GFP or b-gal was similar when cells were exposed to the same amount of adenovirus for 24 h.
The expression of eNOS and GFP in CPAE was also assessed by polymerase chain reaction (PCR) amplification and western immunoblotting as previously performed [21, 22] . For PCR amplifications, reverse transcribed RNA with the T-Primed First-Strand cDNA kit (Amersham Biosciences, Piscataway, NJ) was used in the presence of either (i) the bovine eNOS sense primer (5#-CCTGTGAGACCTTCTGCGTTG-3#) and anti-sense primer (5#-CAGACTCGGTGGGCGGTGGCG-3#), which provided a 363-bp fragment; (ii) the Aequorea victoria GFP sense primer (5#-AGAGTGCCATGCCCGAAGGTT-3#) and antisense primer (5#-GCCATCGCCAATTGGAGTATT-3#), which provided a 720-bp fragment or (iii) the housekeeping gene b-actin sense primer (5#-GACCTCTATGCCAACACAGT-3#) and anti-sense primer (5#-GTCATCGTACTCCTGCTTGC-3#), which provided a 221-bp fragment. The PCR parameters were as follows: 35 amplification cycles at 95°C for 1 min; 55°C for 1 min and 72°C for 2 min. For eNOS and GFP protein levels, the CPAE were homogenized in 200 mM Tris-HCl, 100 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ethylene glycol tetraacetic acid (EGTA), 10% glycerol and 2 mM phenylmethlysulfonyl fluoride. Protein samples (25 lg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane. The membranes were soaked in 5% non-fat dry milk in 10 mM Tris-base, 250 mM NaCl and 0.2% Tween 20 (TBS-T) and incubated for 90 min in the presence of a mouse eNOS (1:500) or a rabbit GFP (1:200) anti-serum (BD Biosciences, Palo Alto, CA). Then the membranes were washed and incubated for 45 min with a 1:2000 diluted anti-mouse or anti-rabbit horseradish peroxidaseconjugated IgG (Jackson Laboratories, West Grove, PA). The blots were washed and the immunoreactivity was visualized by immersion in the chemiluminescence solution (ECL; Amersham Biosciences) and exposed on X-OMAT film (Eastman Kodak, Rochester, NY).
The in vivo gene delivery was assessed in Sprague-Dawley rats after a single intravenous administration of the adenovirus that express eNOS and GFP (2 3 10 10 p.f.u.) into the systemic circulation through the jugular vein using the procedure outlined below in renal failure rats. One week after adenovirus injection, a time point where gene expression has been reported to be maximal [23] , the rats that received the vehicle or the adenovirus were anesthetized with pentobarbital (Somnotol, 50 mg/kg i.p.; MTC Pharmaceuticals, Cambridge, Ontario, Canada) and exsanguinated. The left kidney, the thoracic aorta, mesenteric arteries and the liver were harvested and cleaned of blood. The tissues were immersed in OCT Embedding Medium (Tissue-Tek, Sakura Finetek, Torrance, CA), quickly frozen and stored at À80°C. Tissue sections (7 lm) were mounted on glass slides and used to assess eNOS and GFP expression by immunofluorescence analysis with confocal microscopy as previously performed [24, 25] . Tissue sections were overlaid with a 1:250 diluted primary mouse antieNOS antibody (BD Biosciences) followed by an Alexa Fluor 594 conjugated secondary anti-mouse antibody or an Alexa Fluor 594 conjugated rabbit anti-GFP antibody (Molecular Probes, Eugene, OR). The sections were then washed and counter stained by incubation with an 1:100 diluted Alexa Fluor 488 conjugated Phalloidine (Molecular Probes), which reveals actin filaments. Endothelium localization in blood vessels was confirmed using a rabbit anti-von Willebrand factor (Dako, Glostrus, Denmark), followed by incubation with an Alexa Fluor 594 goat anti-rabbit IgG (Molecular Probes). Immunofluorescence was detected and localized with an MRC-1024 Confocal System (Bio-Rad, CA) combined with the Laser Sharp image acquisition software 3.2. Comparison of the fluorescence levels between vehicle and adenovirus injected rats were performed using the same conditions of laser exposure.
eNOS gene delivery in renal failure rats
The animal experiments were approved by the Animal Care Committee of Laval University and were performed on 250 g male Sprague-Dawley rats (Charles River Laboratories, St-Constant, Quebec, Canada). The animals were allowed free access to standard laboratory rat chow and tap water and housed under controlled humidity and temperature conditions with a 12:12 h light-dark cycle. Renal mass was reduced as previously described [26, 27] by ligating two or three branches of the left renal artery followed, 1 week later, by right nephrectomy under isoflurane anesthesia (1-2% mixed with oxygen 100%). Sham-operated rats served as controls (n ¼ 8). Two weeks after renal mass reduction, the rats were randomly divided into three groups and received an intravenous injection of the vehicle or the adenovirus that expresses eNOS or b-gal (n ¼ 8 rats per group). The right jugular vein was approached by blunt dissection via a lateral neck incision. The vein was punctured with a 25 gauge winged needle attached to a 76 mm catheter filled with sterile HBSS. The vehicle or adenovirus preparations (2 3 10 10 p.f.u.) were injected and the catheter was then flushed with 0.5 mL of sterile HBSS. The effect of eNOS gene delivery on hypertension and renal failure and injury was assessed 4 weeks after adenovirus injection (corresponding to Week 6 of uremia). The dose of adenovirus and the time point of investigation was chosen based on a study by Chao's group [28] reporting that kallikrein gene delivery in this rat remnant kidney model of chronic renal failure led to high level of expression in several tissues such as the heart, aorta, lung, kidney and liver and to a reduction in hypertension and renal failure for at least 4 weeks. Moreover, adenovirusmediated eNOS gene delivery was also shown to produce long-term protection of cold-induced hypertension [29] , cardiac remodeling after myocardial infarction in the rat [30] and renovascular hypertension in mice [31] . Finally, we reported that the health status of untreated rats with renal failure significantly declined after 6 weeks; some animals experienced cerebrovascular lesions or significant weight loss, sufficient that animal experiments could not be prolonged over this period [26, 27] .
Systolic blood pressure was measured prior to adenovirus injection and at Weeks 1 and 4 after gene delivery by a tail-cuff method after warming and with slight restraint, using an IITC blood pressure system fitted with a model 29 pulse sensor (IITC Life Science, Woodlands Hills, CA). The blood pressure readings were analyzed using a computerized data acquisition system (Model MP100; Biopac System, Goleta, CA) and the average of three separate measurements was recorded. At the end of the study, the rats were placed in metabolic cages for the collection on ice of 24 h urine samples, which were stored at À20°C for the assessment of ET-1, protein and NO 2 /NO 3 excretion. Then, the animals were anesthetized with pentobarbital (Somnotol, 50 mg/kg i.p.) and exsanguinated by an abdominal aortic puncture. Blood samples were collected for the measurement of serum creatinine and plasma NO 2 /NO 3 concentrations. The heart was removed, cleaned of blood and weighed. Finally, the remnant kidney of renal failure rats and the left kidney of the controls were harvested and dissected longitudinally. In one half, the papilla was removed and the renal cortex was frozen, whereas the other half was fixed in 4% buffered formalin solution and embedded in paraffin.
Plasma and urine NO 2 /NO 3
Plasma and urine samples were diluted with one volume potassium phosphate buffer pH 7.4, deproteinized by ultrafiltration in Centrisart tubes with a molecular weight cutoff of 20 000 Dalton (Sartorius, Goettingen, Germany) and centrifuged at 2000 g for 45 min at 4°C. The ultrafiltrate (250 lL) was incubated in the presence of 0.4 U/mL nitrate reductase, 150 lg/mL NADPH and 3 lg/mL FAD (Roche Diagnostics, Laval, Quebec, Canada) for 30 min at 37°C to convert nitrate to nitrite. A 150-lL aliquot of the reaction mixture was added to an equal volume of Greiss reagent [prepared by mixing 1 part of 1% sulfanilamide to 1 part of 0.1% N-(1-naphthyl)ethylenediamide dihydrochloride in 5N HCl] and incubated for 5 min at room temperature. Absorbance at 550 nm was measured and nitrite concentrations were determined using a potassium nitrate standard that was also reduced to nitrite with nitrate reductase. The reaction was linear from 0.25 to 80 lM of nitrate.
Biochemical analysis
Serum was obtained from blood samples (1 mL), incubated for 1 h at room temperature and centrifuged for 2 min in a microcentrifuge. Serum creatinine and urinary protein and creatinine concentrations were measured with a biochemical auto-analyzer system (Ilab 1800, Lexington, MA). Renal cortex ET-1 concentrations were measured by a specific radioimmunoassay [26, 27] after tissue homogenization in extraction buffer containing 1 N HCl, 1% acetic acid, 1% trifluoroacetic (TFA) and 1% NaCl, followed by centrifugation at 3000 g for 30 min at 4°C and purification on a C 18 Sep-Pak column (Waters, Ilford, MA). Urine ET-1 concentrations were also measured by radioimmunoassay after acidification with 0.2% TFA and purification on C 18 Sep-Pak columns. The concentrations of ET-1 were corrected for losses in the purification steps using a small amount of 
Renal histological analysis
Kidney sections (5 lm) were mounted on glass slides and stained with Masson's trichrome solution to assess histological injury. Glomerular sclerosis, vascular hypertrophy, tubular atrophy and interstitial fibrosis were scored in a blinded manner according to the following semi-quantitative scale: not detectable, mild (<25%), moderate (25-50%) and severe (>50%) [32] . Collagen deposition was quantified using ImageJ image analysis software (Version 1.33u, NIH, USA). Briefly, four to five images of the renal cortex of kidney sections from each animal were obtained at 310 magnification. Then, the number of pixels expressing blue coloration was quantified.
Analysis of data
The results are expressed as means AE SEM. Values were compared by the Kruskal-Wallis test followed by the Mann-Whitney U-test using the SPSS program (SPSS, Chicago, IL). Differences were considered significant at a value of P <0.05. Simple correlation was obtained by Pearson regression analysis using the Prism software (GraphPad, Mobile, CA).
Results
Adenovirus-mediated gene delivery efficacy
In cultured CPAE cells exposed to the adenovirus, eNOS mRNA expression was very low in control cells and was significantly increased following adenovirus incubation ( Figure 1A) . Similarly, eNOS protein levels were detectable in control CPAE and were higher in cells exposed to the adenovirus ( Figure 1B) . As expected, GFP mRNA and protein levels were detectable exclusively in adenovirusinfected CPAE ( Figure 1A and B, respectively) . The difference in eNOS and GFP mRNA expression cannot be explained by differences in PCR reactions since b-actin mRNA amplification was similar in both control and adenovirus-infected CPAE.
The adenovirus-mediated gene delivery in vivo was confirmed by immunofluorescence analysis in normal rats 7 days after a single intravenous injection of either the adenovirus that contains eNOS and GFP or the vehicle. The expression of eNOS was modest in the endothelium of thoracic aorta from control rats that received the vehicle ( Figure 1C ). However, eNOS expression was 3.4 AE 0.2-fold greater in the thoracic aorta from animals that received the adenovirus and was also confined to the endothelium ( Figure 1D ). As expected, GFP expression was undetectable in the thoracic aorta from control rats but highly expressed in the endothelium exclusively in aorta ( Figure 1F ) and mesenteric arteries (data not shown) from animals that received the adenovirus. In the kidney, GFP expression was detected at low levels in glomeruli, but at higher levels in the wall of small renal arteries ( Figure 1H ) and was undetectable in the tubular cells. In the liver, GFP expression was mainly detected in Kuppfer cells, localized at the edge of sinusoids and anchored to sub-endothelial structures (data not shown).
eNOS gene delivery in renal failure rats Changes in systolic blood pressure. Prior to adenovirus administration, systolic blood pressure was significantly higher in renal failure rats as compared to sham-operated normal controls (150 AE 7 versus 120 AE 3 mmHg; P < 0.01, Figure 2 ). Thereafter, systolic blood pressures further increased over time in rats with reduced renal mass receiving the vehicle and the control adenovirus b-gal. In contrast, eNOS gene delivery prevented an increase in systolic blood pressure (Figure 2) .
Changes in systolic blood pressure in renal failure rats that received the vehicle and the adenovirus b-gal were associated with cardiac hypertrophy. In fact, the heart weight to body weight ratio was significantly increased in rats with reduced renal mass receiving the vehicle and the adenovirus b-gal as compared to the normal controls (3.83 AE 0.18 and 3.59 AE 0.12 versus 2.76 AE 0.08, P < 0.01) but was lower in those receiving the adenovirus that expressed eNOS (3.23 AE 0.11, P < 0.05).
Blood and renal parameters. Plasma and urinary NO 2 / NO 3 concentrations were significantly lower in rats with reduced renal mass that received the vehicle and the control adenovirus b-gal as compared to the controls (Table 1) . eNOS gene delivery, however, prevented the reduction in plasma and urine NO 2 /NO 3 concentrations, which were similar or slightly higher to those in control animals.
Serum creatinine and proteinuria were increased in rats with reduced renal mass receiving the vehicle and the adenovirus b-gal as compared to the controls, whereas creatinine clearance was reduced ( Table 2) . eNOS gene delivery prevented the increase in proteinuria and attenuated the rise in serum creatinine and the reduction in creatinine clearance. A positive correlation was found between serum creatinine and systolic blood pressures in the different groups of rats (r ¼ 0.69, P < 0.001) indicating a relationship between renal function and hypertension that were both improved by eNOS gene delivery. eNOS gene delivery in renal failure ratsAs compared to the controls, ET-1 concentrations were higher in the renal cortex and urine of rats with reduced renal mass receiving the vehicle and the adenovirus b-gal but were lower in rats receiving the adenovirus that expresses eNOS (Table 2) . Moreover, we found a positive correlation between ET-1 concentrations in the renal cortex or urine and serum creatinine values (r ¼ 0.68 and 0.82, respectively, P < 0.001) indicating a relationship between renal ET-1 production and the decline in renal function that were also improved by eNOS gene delivery.
Renal morphology. Renal injury in renal failure rats comprised marked blood vessel media hypertrophy and tubular atrophy, moderate focal and segmental glomerular sclerosis and diffuse interstitial fibrosis (Table 3 and Figure 3B ). Similar morphological injury was observed in rats with reduced renal mass that received the control adenovirus b-gal ( Figure 3C ). However, eNOS gene delivery attenuated the renal vascular, glomerular and tubular injury (Table 3, Figure 3D ). The renal protective effect of eNOS gene delivery was also associated with a reduction of collagen deposition in the tubulointerstitial space as compared to rats with reduced renal mass that received the vehicle and the control adenovirus b-gal (P < 0.05, Figure 4) .
Discussion
In the present study, we document that eNOS gene delivery in rats with reduced renal mass prevents the aggravation of hypertension and slows down the decline in renal function due, at least in part, to a marked reduction in renal vascular, glomerular and tubular injury. These protective effects after eNOS gene delivery are related to an improvement of NO release indicating that inappropriate eNOS/NO activity in chronic renal failure conditions plays a pivotal role in cardiovascular disease and renal failure progression.
A major finding in the present study is that eNOS gene delivery in rats with renal failure prevented the aggravation of hypertension that was observed in renal failure rats receiving the vehicle and the control adenovirus b-gal. Indeed, systolic blood pressure was similar in rats with reduced renal mass that received the adenovirus eNOS at Week 4 after gene delivery as compared to prior to adenovirus administration (Figure 2 ). This anti-hypertensive effect may well be related to the fact that eNOS gene delivery prevented a decrease in NO availability normally observed in rats with reduced renal mass. Plasma and urine NO 2 /NO 3 concentrations at Week 4 after gene delivery were higher in renal failure rats that received the adenovirus that expresses eNOS as compared to those that received the vehicle or the control adenovirus b-gal and were similar or slightly higher to those in normal controls. This effect of eNOS gene delivery on NO release in rats with reduced renal mass may prevent endothelial dysfunction. In keeping with this hypothesis, a single intravenous administration of the adenovirus that expresses both eNOS and GFP, through the jugular vein, led to a high level of gene expression specifically in the endothelium of the large conduit (thoracic aorta) and resistance arteries (mesenteric) as revealed by immunofluorescence analysis. The endothelial-specific distribution is consistent with previous observations that adenovirus-mediated gene delivery in uninjured arteries in vivo is limited to the endothelium [23, 33, 34] . However, in tissues with fenestrated endothelium and basement membrane, gene delivery was detected in sub-endothelial cells such as Kuppfer cells in the liver and the wall of small renal arteries as reported in this study. The possibility that eNOS expression improves the vascular endothelial function after systemic adenovirus administration is further supported by studies showing that eNOS gene delivery in vessels from Ang II-induced hypertensive rats restores the endothelium-dependent vasodilatation response to acetylcholine [35] . Similar improvement of the endothelial function was reported following eNOS gene delivery in aorta of eNOS-deficient mice [36] . The improvement of NO availability after eNOS gene delivery may also counteract the vasoconstrictor effect of humoral and locally produced vasoconstrictors such as Ang II and ET-1, which have been implicated in the pathogenesis of hypertension in patients and animals models of chronic renal failure [26, 27, 37, 38] . Indeed, the vasoconstrictor effect of Ang II and ET-1 is known to be greater in conditions with reduced NO release [39, 40] . Hence, the observation that eNOS gene delivery prevents the aggravation of hypertension in renal failure animals further supports a pivotal role for NO in hypertension and endothelial dysfunction associated with chronic renal failure [1] .
Another major finding was that eNOS gene delivery in rats with reduced renal mass led to a reduction in renal failure progression and the vascular, glomerular and tubular injury due possibly to an improvement of renal NO availability. This renal effect may be involved, in part, in reduction of blood pressure as indicated by the positive correlation found between systolic blood pressures and serum creatinine values in the different groups of rats. In rats with renal failure, hypertension develops rapidly and progresses further as renal function declines [10, 26, 38] . The pathogenesis of hypertension in renal failure conditions has been attributed to early volume expansion due, in part, to a reduction in glomerular filtration rate in the remnant kidney. The resulting increase in blood pressure together with glomerular efferent arteriole constriction leads to hyperfiltration in the remaining nephron and to proteinuria, which plays a key role in tubular injury and interstitial fibrosis [41] . These obligatory pathological mechanisms involved in the progression of renal failure may well be slowed down by eNOS gene delivery. For example, an early increase in endothelial NO release in the kidney may prevent changes in renal blood flow attenuating the ensuing glomerular hyperfiltration [42] . In keeping with this, eNOS gene delivery prevented an increase in proteinuria even 4 weeks after adenovirus eNOS administration. The possible effect of eNOS on renal hemodynamics is consistent with studies documenting that the renal vasculature is highly sensitive to changes in NO release [43, 44] . NO is a potent vasodilator of both afferent and efferent arterioles [45] and, normally, counteracts the potent vasoconstrictor effect to Ang II and ET-1 [46, 47] . Moreover, the improvement of NO release in the renal medulla may increase local blood flow and sodium and water excretion, thus attenuating volume expansion in renal failure animals [48] .
The renal vascular, glomerular and tubular protective effect of eNOS gene delivery in rats with reduced renal mass may also be related, in part, to the marked attenuation in renal ET-1 production as indicated by the reduction in renal cortex ET-1 levels and urinary ET-1 excretion. In fact, the latter has been previously reported to be positively correlated with the increase in serum creatinine and proteinuria and to be related to ET-1 overproduction in preglomerular arteries and glomeruli [26, 27] . Endothelial NO release is a well-known mechanism limiting ET-1 production [40, 49] . Similar to eNOS gene delivery, supplementation with L-arginine in renal failure rats has been documented to reduce proteinuria together with the glomerular ET-1 overproduction [10] . In addition, NO has also been shown to inhibit the mitogenic response and the extracellular matrix deposition in mesangial cells induced by ET-1 as well as Ang II [50, 51] . Of particular interest, eNOS gene delivery in rats with reduced renal mass increased NO availability without supplementation with either L-arginine or BH 4 indicating that the substrate and cofactor concentrations were sufficient for appropriate eNOS activity. We cannot exclude the possibility, however, that the protective effect resulting from an early increase in NO availability after eNOS gene delivery might have contributed to the maintenance of L-arginine and BH 4 concentrations. In fact, early supplementation with L-arginine or BH 4 also improved NO release associated with cardiovascular and renal protection in renal failure rats [10, 12] . On the other hand, the renal protective effect of eNOS gene delivery in renal failure rats may attenuate the accumulation of endogenous inhibitors of eNOS such as ADMA [15] and the exaggerated production of superoxide anions [52] . In addition, the improvement of NO release may also reduce the effect of Ang II on superoxide formation through NADPH oxidase [53] , which is consistent with the observation that eNOS gene delivery prevents superoxide formation in blood vessels from Ang II-induced hypertensive rats [35] . Although these protective effects remain to be clarified, our results suggest that early protection of the eNOS/NO activity is pivotal in slowing down the progression of chronic renal failure.
In conclusion, this study reveals that eNOS gene delivery in rats with reduced renal mass improves NO availability that may prevent the worsening of hypertension and reduce the rate of progression of renal failure and injury. Thus, improvement of NO availability should be considered in the management of hypertension and renal failure progression in chronic renal failure. 
